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Introduction 51
The use of alkali activated cementitious materials (AACM) in place of Portland cement (PC) 52 has been recognized to have great potential in construction applications. There is the need for 53 a viable alternative to PC because of the high carbon footprint generated during its production 54 with a huge energy demand, which is not sustainable in the future. The carbon footprint is 55 significant because of the large volume of Portland cement PC consumed worldwide, which 56 is ranked second after the volume of water [1] . To put this into perspective, for each tonne of 57 cement produced an equivalent tonne of CO 2 is emitted into the atmosphere. This translates to 58 the emission of 400 Kg of CO 2 per 1 m 3 of concrete production [2] . In addition, the cement 59 industry consumes between 12 -15% of the total industrial energy use [3] . The electric 60 energy consumption for the burning process during cement production is estimated to be 65 61 kWh/tonne while the thermal energy consumption for cement grinding is 2.72 GJ/tonne [3] . 62
Clearly, there is a dire need for reducing this carbon foot print and energy demand. 63
Limited knowledge is available in literature on the pore properties of AACMs and 64 geopolymers [4] . However, established knowledge on the pore properties of conventional 65 concrete [5] shows their critical importance in controlling the durability and strength of 66 concrete. The pore properties are equally important for AACMs and other porous ceramic 67
materials. The refinement of concrete pore structure improves its compressive strength, 68 resistance to diffusion of deleterious substances such as chlorides and CO 2 , which affect its 69 durability [6] . These deleterious substances which cause corrosion of steel in concrete are 70 transported through the concrete pores by capillary absorption, hydrostatic pressure and 71 diffusion [7] . Diffusion of the ionic elements (Cl -and Na + ) is mainly through the pores of the 72 cement paste matrix and not through the interface between cement paste and aggregates [8] . 73 The interface between the cement paste and aggregates accounts for up to 50% of the total 74 7 testing of concrete [5] . The different curing methods adopted in this research are detailed in 148 section 2.2. 149 Sodium silicate activator of molarity 6.5 mol/L and modulus 2% was used for the AACM 152 mixes to provide optimum viscosity for controlling workability and setting time [19] . The 153 molarity of NaOH activator used was 4.8 mol/L. The combined molarity of the activators was 154 at the lower end of values used by other researchers [20] for a similar activator combination. 155
The activator for AACM 2 mixes was diluted with water at 7.76% (Table 1) . The retarder 156 R42 is made from a blend of high grade Polyhydroxycarboxylic acid derivatives while the 157 shrinkage reducing admixtures (SRA) is made from Alkyl-ether. Each admixture contained 158 less than 0.1% chloride ion and 3.5% sodium oxide. 159
Casting and curing 160
The GGBS binder and saturated surface dry fine aggregate were placed in a 12 litre, 3 speed 161 Hobart mixer. They were mixed for 30 seconds at the lowest speed (option-1) to avoid 162 dispersing the powder into the atmosphere. The liquid component containing the activator 163 and retarder R42 were slowly added to the mix. Mixing continued for 2 minutes until a 164 8 uniform texture was produced. The shrinkage reducing admixture SRA was then slowly 165 added while mixing continued. The mortar was further mixed for 1 minute before stopping. 166
The control PC mortar and the AACM mixes without admixtures were prepared in a similar 167 manner without adding retarder R42 and shrinkage reducing admixture SRA. The AACM 168 and control PC mortars were cast in 75 x 75 x 75 mm steel cube moulds which had been 169 lightly oiled to prevent the hardened mortar from sticking to the surface. Three mortar cubes 170 were cast for each mix. The specimens were left covered in the moulds with polythene sheets 171 for 24 hours at room temperature of 20 ± 2 0 C and a relative humidity of about 65%. The 172 specimens were demoulded 24 hrs after casting and were exposed to three different curing 173
regimes. 174
Three practical curing regimes (wet/dry, wet and dry), commonly applied in the construction 175 field, were adopted in this research work as shown in Table 3 . Wet/dry curing involved 176 placing the mortar cubes in water at a temperature of 20 ± 2 0 C for 3 days immediately after 177 demoulding (24 hrs after casting), followed by dry curing in the laboratory air at a 178 temperature of 20 ± 2 0 C and approximately 65% relative humidity for 24 days (total curing 179 period of 28 days). Wet curing was provided by placing the cube specimens in water at a 180 temperature of 20 ± 2 0 C for 27 days immediately after demoulding. Dry curing of the 181 mortars was provided by exposing them in the laboratory air at a temperature of 20 ± 2 0 C and 182 approximately 65% relative humidity for 27 days after demoulding. When cured in the 183 laboratory air (during wet/dry and dry curing), the specimens were securely covered with 184 polyethene sheets to prevent moisture loss from the concrete surface representing site practice 185 where different methods can be used to prevent rapid drying of concrete such as applying 186 curing membranes or covering concrete surface with wet hessian. 187 
3.0
Results and discussion 226
Compressive strength and density 227
The average value of the compressive strength and density of the three specimens tested per 228 mix had less than 5% variation. 229
Effect of curing regimes on density and compressive strength 230
The densities of the 75 mm mortar cubes at 28 days age are between 2.22 -2.35 g/cm 3 for 231 wet/dry curing, 2.10 -2.23 g/cm 3 for dry curing and 2.07 -2.15 g/cm 3 for wet curing. The 232 corresponding 28day compressive strength for the AACM and control PC mortars under 233 wet/dry, wet and dry curing (Table 3) for AACM 2 mortar (7.76% dilution) under wet/dry, wet and dry curing respectively (Fig. 1) . 271 13 Activator concentration is an effective factor in the geopolymerisation process in AACM 272 concrete. A reduction in strength has been reported when the activator concentration is not 273 sufficient for the geopolymerisation reaction [11, 27] . Similarly, high activator concentration 274 will delay the AACM formations due to excessive cations, thereby limiting their mobility and 275 potential to interact with the reactive pozzolanic species [27] . This reverse effect of strength 276 reduction with increasing concentration of the alkali activator was, however, not observed in 277 this study. 278
3.2
Pore size distribution 279
Unimodal and bimodal pore distribution 280
The relationship between pore size and differential pore volume for AACM 1, 2 and the 281 control PC concrete under wet/dry, wet and dry curing are shown in and ˂0.02 µm while there is little porosity between these pore size ranges. 305
The differences in the effects of wet/dry, wet and dry curing on the differential pore volumes 306 over the pore diameter ranges in Figures 2, 3 and 4 have been quantified by determining the 307 pore system parameters such as porosity and are discussed fully in section 3.3. 308
Wet/dry curing 309
The pore sizes in AACM 1 and 2 mortars subjected to wet/dry curing (Fig. 2) diameter. AACM 2 mortar shows a similar trend of bimodal pore distribution, the pore 314 diameters range from under 0.03 µm to greater than 0.2µm. On the other hand, the control PC 315 mortar shows a unimodal pore size distribution (Fig. 2) of diameter lesser than 0.3 µm. The 316 bimodal distribution of pores in AACM 1 and 2 mortars extends to larger pore diameters than 317 the control PC mortar; however the large pore size zone is isolated due to the bimodal 318 distribution, which will affect porosity as discussed in section 3.3. 319
Wet curing 320
The bimodal pore size distribution in AACM 2 mortar is less pronounced under wet curing 321 (Fig. 3) than under wet/dry (Fig. 2) or dry curing (Fig. 4) . There is significant continuity of 322 pores between pore diameters 0.01 to 100 µm (particularly AACM 2) which is reflected by 323 the differential pore volume remaining slightly above zero in this pore diameter range. This 324 does not appear under both wet/dry and dry curing. Therefore some interconnection between 325 the gel pores (< 0.05 μm) and capillary pores (0.1 to 100 µm) is likely in wet cured AACM 2 326 mortar. The interconnection is represented by the regular distribution of peaks throughout the 327 range of pore sizes 0.01 to 100 µm (particularly AACM 2). The less solid gel products 328 produced in AACM 2 mortar due to the higher activator dilution may be insufficient to block 329 the interconnecting pores. Another reason for pore continuity could be the leaching of alkali 330 cations into the curing solution thereby resulting in loss of alkali concentration needed for 331 geopolymerisation reaction [28] . A slight degree of hydration reactions may also be a likely 332 contributor to the interconnection of pores under wet curing in the AACM 2 due to the high 333 degree of moist curing. 334
Dry curing 335 AACM 1 and 2 mortars under dry curing (Fig. 4) show a bimodal pore size distribution 336 similar to wet/dry curing. The first range of pores in AACM 1 mortar are less than 0.05 µm 337 while the second range of the bimodal pore size distribution is greater than 0.1 µm and 338 extends to 100 µm diameter. AACM 2 mortar has slightly different pore ranges of less than 339 0.02 µm and greater than 0.1 µm and extends to 100 µm diameter. The control PC mortar has 340 a unimodal pore distribution between 0.01 µm to approximately 2 µm, the pore diameter 341 range is higher than under wet/dry and wet curing. The PC mortar shows significant 342 differential pore volume within the dip between the two peaks in Figure 4 , unlike the AACMs 343 where the differential pore volume reaches near zero between the bimodal peaks. 344
3.3
Pore system parameters 345
Pore system parameters are frequently used in analytical and empirical property-346 microstructure relationship models [29, 30] . These parameters are derived from the 347 cumulative porosity curves and logarithmic differential pore volume curves. They are 348 classified as intrudable porosity Ф in , critical pore diameter d c , threshold pore diameter d th and 349 porosity [29, 30] . The location of Ф in is shown on the cumulative pore volume curve for both 350 PC and AACM mortars (Figures 5 and 6 represents only the pore volumes which are accesible to mecury intrusion [29] . The values of 355 these pore parameters are presented in Table 4 . The porosity and pore volumes of AACM and 356 control PC mortars with and without shrinkage reducing admixture SRA and retarder R42 are 357 presented in Table 4 . 
Intrudable pore volume 364
The volume of intrudable pores (intrudable pore volume) within AACM 1, 2 and the control 365 PC mortar matrix was determined under wet/dry, wet and dry curing from the cumulative 366 The porosity of AACM mix 1a is 7.71%, 9.05% and 11.93% for wet/dry, wet and dry curing 461 respectively. Each value is significantly lower than the corresponding value for PC mortar. 462 AACM mix 1a did not incorporate any admixtures (SRA and R42) and, therefore, is directly 463 comparable with the PC mortar. The porosity of AACM mix 2a is similarly lower than the 464 PC mortar. The results confirm the lower porosity of the AACM mixes. 465
The wet/dry curing is optimum for AACM mortar while wet curing is best for the control PC 466 mortar, the latter being a well-established fact. (Table 4, Figures 11, 12 and 13) . 474
On the other hand, the percentage of gel pore volume of 0.60% and 0.98% in AACM 1 and 2 475 respectively was much lower than 10.83% for PC mortar under wet/dry curing. A similar 476 trend is observed under wet and dry curing (Table 4 , Figures 11, 12 and 13) . 477
Strength-porosity relationship of AACM mortars 478
Strength and porosity data of AACM mixes 1, 2, 1a and 2a (Table 1) 2) AACM mortar develops a bimodal micropore distribution which is influenced by 519 the type of curing and the activator dilution. Wet/dry curing (3 days in water 520 followed by 24 days in air) provides an optimum pore structure for AACM. OPC 521 mortar develops a unimodal pore structure which is optimum under wet curing. 522
3) Higher activator concentration, within the range used, results in improved strength 523 and a more refined pore structure. For example, the strength of AACM mortar 524 under wet/dry curing with 0% activator dilution (AACM 1) is 70.9MPa compared 525 29 with 65.2MPa for AACM mortar with 7.76% activator dilution (AACM 2). Their 526 corresponding porosity is 4.64% and 6.67%. 527 4) Wet/dry curing of AACM mortar produces the lowest porosity and pore volume. 528
The porosity of AACM mixes is much lower than the control OPC mortar for each 529 curing condition. For example, AACM 1 mix under wet/dry, wet and dry curing 530 had a porosity of 4.64%, 6.53% and 9.90% respectively. In comparison, the control 531 OPC mortar under wet/dry, wet and dry curing had a porosity of 14.02%, 13.30% 532 and 17.43% respectively, giving the lowest porosity under wet curing. 533
5) The threshold pore diameters of AACM mixes, which influence durability 534 properties, are at least an order of magnitude lower than for the control OPC mixes. 535
For example, the threshold diameters for AACM 1 mortar under wet/dry, wet and 536 dry curing are 0.013 µm, 0.014 µm, and 0.025 µm respectively. The corresponding 537 values for the control OPC mortar are 0.35 µm, 0.28 µm, and 1.12 µm. 538
6) The volume of gel pores, within the range of 0.005 µm to 0.01 µm, in AACM 539 mortars is less than the control OPC mortar. On the other hand, the volume of 540 capillary pores, within the range of 0.01 µm to 100 µm pore diameter, is higher in 541 AACM mortars. However, the total porosity (summation of both gel and capillary 542 pores) is higher in the control OPC mortar than in AACM mortars. For example, 543 the gel porosity in AACM 1 and OPC mortar is 0.60% and 10.83% respectively 544 while their corresponding capillary porosity is 4.04% and 3.19% under wet/dry 545 curing. 546
7) The inclusion of a shrinkage reducing and retarding admixture in AACMs 547 enhances strength and produces a more refined pore structure particularly under 548 wet/dry and dry curing. AACM mortars, both with and without admixtures, have 549 30 superior strength and a more refined pore structure than the control OPC mortar 550 under wet/dry and dry curing. 
